The aim of this study was to investigate how the carrier morphology affects the expression of blend states in adhesive mixtures as a function of surface coverage ratio (SCR) and to identify where transitions between the different states occur. Adhesive mixtures of five lactose carriers with varying contents of lactose fines, corresponding to blends with different SCR ranging from 0 to 6, were produced by low-shear mixing. The powder mechanics of the mixtures were characterized by bulk density, compressibility and permeability. The appearance of the carriers and blends was studied by scanning electron microscopy, light microscopy and atomic force microscopy. The size and morphology of the carriers had a crucial impact on the evolution of the blend state, and affected the powder mechanical properties of the mixtures. It was found that smaller carriers with little or no surface irregularities were more sensitive to additions of fines resulting in self-agglomeration of fines at relatively low SCR values. On the contrary, carriers with irregular surface structures and larger sizes were able to reach higher SCR values before self-agglomeration of fines occurred. This could be attributed to an increased deagglomeration efficiency of irregular and larger carriers and to fines predominantly adhering to open pores.
Introduction
Adhesive or ordered powder mixtures are frequently used in pharmaceutical formulations to ensure blend homogeneity, to reduce the risk of segregation and to improve the flow of powder formulations in which the active pharmaceutical ingredient (API) is in micronized form (Hersey, 1975; Saharan et al., 2008; Thalberg et al., 2004; Venables and Wells, 2001) . One of the dosage forms in which adhesive mixtures are used is inhalation powders, where the formulations consist of micronsized API particles (typically < 5 µm) and larger carrier particles in the range 50-200 µm (Kaialy, 2016) . During inhalation, the carrier particles impact in the throat and are swallowed while the API particles should detach from the carrier and be transported into and deposited in the lower parts of the airways (Labiris and Dolovich, 2003; Stegemann et al., 2013) . The detachment process is dependent on many factors such as the cohesion and adhesion properties of the API and the carriers (Begat et al., 2004; Begat et al., 2005) , the carrier morphology (Pilcer and Amighi, 2010; Weers and Miller, 2015) , the addition of inert fines (Jones and Price, 2006) , the airflow pattern created by the inhaler device and the respiratory airflow produced by the patient (de Boer et al., 2017) .
The addition of increasing proportions of fine API particles to an adhesive mixture is expected to change its blend state, i.e. the structure of the adhesion layer, the arrangement of the adhesive units and the presence of self-agglomerates of fines (Clarke et al., 2001; Dickhoff et al., 2005; Rudén et al., 2018) . The blend state will in turn affect the properties of the mixture, such as the flowability, as well as the performance of the mixture during aerosolisation. Consequently, the evolution of the blend state with increasing proportions of fines and its relation to properties or performance indicators of the mixture (blend state-property relationships or blend state-performance relationships) have been discussed in the literature. Young et al. (2011) described the build-up of adhesive units with increasing amounts of fine particles and discussed how the structure of the adhesive units affects the inhalation performance of the mixture, such as the fine particle fraction. A blend structure model consisting of five stages was proposed. In the first stage, the fines adhere to irregularities or surface pores on the carriers. This is followed by three stages with a growing adhesion layer until a final fifth stage is reached, whereparticle fraction (FPF) would increase from stage two until the last stage is reached at which point a decrease in FPF is to be expected. Experimental support of the model was provided by aerosolization tests from polystyrene mixtures with different fine particle concentrations. More recently, Yeung et al. (2018) investigated the inhalation performance of a more complex carrier using both API and inert fine particles. In order to fill the irregularities of the carrier particles, inert fine particles were added, with the consequence that the FPF of the API was improved. Thus the adhesion of API particles in surface pores may have a negative effect on the FPF. Hertel et al. (2018) studied adhesive mixtures of two carriers of different size and morphology, with varying concentrations of inert fine particles but with a fixed amount of API. The authors proposed that for the larger and rougher carrier, the fine particles deposited primarily in the surface irregularities while for the smaller and more even carrier, the fine particles adhered to the outer or enveloped carrier surface. A fine particle deposition at the inner surface increased the bulk density and improved the powder flowability. High proportions of fines resulted in agglomeration of fines followed by segregation of the mixtures. Rudén et al (2018) studied relationships between the blend state and the mechanical properties of a series of adhesive mixtures of different surface coverage ratios (SCR), i.e. different fines to carrier ratio. Different blend states and state transitions were detected and the authors summarized their findings in a model describing hypothetical blend states in adhesive mixtures of different SCR, which is here illustrated in Fig. 1 . The model is based on three fundamental properties, i.e. the structure and the dynamics of the adhesion layer and the partitioning of fine particles between an adhered and a free fraction of fines. These fundamental properties will depend on the proportion of fines in the mixture (the SCR value) as well as other factors such as carrier properties and mixing conditions.
The proposed model consists of four blend states, which appears with increasing SCR of the blend. In the first state, denoted S1, the fines adhere to indentations and open pores of the carrier particles. This makes the adhesive units denser, as the enveloped volume of the units remains the same while the mass increases. In the second state, denoted S2, the fine particles start to adhere to the enveloped surface, forming an adhesion layer, which increases the enveloped volume of the adhesive unit. The S2 state can be further sub-divided into two sub-states depending on the dynamics of the adhesion layer. In S2a, the adhesion layer is relatively stable and insensitive to restructuring during compression and shearing of the blend. In S2b, the growing adhesion layer is responsive to external stresses and the fines are prone to rearrange and to migrate. In the final state, denoted S3, a free fraction of selfagglomerates appear that are no longer attached to the carrier.
In the present paper, adhesive mixtures formed from five carriers of varying morphology, i.e. varying particle size, shape and texture are investigated. The aim of this study is to investigate how carrier morphology affects the expression of blend states in adhesive mixtures of different surface coverage ratios and at which surface coverage ratios transitions between the states occur.
Materials and methods

Materials
Five lactose carriers were used in the study, i.e. Lactopress SD, Respitose SV 001 and Respitose SV 010 (DFE Pharma, The Netherlands) and Inhalac 70 and Inhalac 230 (Meggle, Germany). The carriers represent two carrier sizes, i.e. about 100 µm and 200 µm in diameter, and have different shape and texture. Micronized lactose particles, produced by AstraZeneca (Södertälje, Sweden), were used as fines in the mixtures. All carriers and the fines had the same apparent particle density (Table 1) , as determined by Helium pycnometry (AccuPyc 1330, Micromeritics Instruments, Norcross, USA) as described earlier (Rudén et al., 2018) .
Particle characterization
Particle size
The particle size distributions of all the materials were determined using a Sympatec HELOS laser diffraction equipment with the RODOS dispersion unit attached (Sympatec GmbH, Clausthal-Zellerfield, Germany). The particles were dispersed using an air pressure of 4 Bar and the particle diameter was calculated using Fraunhofer theory. From the cumulative volume distribution, a median particle diameter (D 50 ) was determined. The reported values are the mean and the standard deviation from three measurements. Fig. 1 . Proposed blend states in adhesive mixtures of different proportions of carrier and fine particles. In the figure, the consecutive steps of the blend state model are related to the evolution in unsettled bulk density (UBD) with increasing surface coverage ratio (SCR) of the adhesive mixtures.
Particle specific surface area
The external specific surface areas of the fine and carrier particles were determined by air permeametry as described earlier (Alderborn et al., 1985; Eriksson et al., 1993) . A Blaine permeameter was used for the fine powder and a steady-state permeameter was used for the carrier particles. The specific surface areas were calculated as described earlier (Rudén et al., 2018) , i.e. using the Kozeny-Carman equation with correction for slip-flow (fine particles) or without correction (carriers). The reported values are the mean and the standard deviation from three measurements.
The total specific surface areas of fine and carrier particles were determined by gas adsorption using nitrogen molecules as adsorbent (TriStar III 3030, Micromeritics Instruments, Norcross, USA). The surface area was calculated using the BET equation from six data points within the relative pressure range of 0.05-0.35 (Brunauer et al., 1938) . Prior to the measurement, the samples were degassed with nitrogen for two hours at 40°C using a SmartPrep device (Micromeritics Instruments, Norcross, USA). The reported values are the mean and the standard deviation from two measurements.
Particle and agglomerate morphology 2.2.3.1. Scanning electron microscopy.
Images of all the mixtures were prepared using a TM3030 scanning electron microscope (Hitachi, Tokyo, Japan). A few scoop sampled particles were sprinkled over a carbon tape followed by gentle tapping to remove excess powder. The samples were then gold coated using a Cressington 108 auto sputtercoater (Cressington Scientific, Watford, UK). Images of the pure carriers were prepared using a Zeiss 1530 scanning electron microscope (Carl Zeiss, Oberkochen, Germany). The samples were prepared in a similar manner, but exposed to pressurized air, post coating with platinum/ gold, to remove excess material.
2.2.3.2.
Qicpic. Two-dimensional particle images of all carriers were taken using a QICPIC high-speed camera instrument equipped with a gravimetric feeding system (Sympatec GmbH, Clausthal-Zellerfield, Germany). A sample of about 2 g of particles were conveyed into the measurement device in which images were taken while the particles were falling across a sensing zone. For each sample, 10 000 images were captured and this measurement was done in triplicate, i.e. in total 30 000 particles were captured for each carrier. Using the supplied WINDOX software, the projected area diameter was determined for each image, giving a diameter distribution. In order to avoid obscured images (such as contamination objects or agglomerates of particles), all particles with projected area diameters below D 10 and above D 90 were removed from the diameter distribution. For the remaining particles, a series of Feret diameters were determined for each particle in a 0 to 180°orientation around the particle image using a step angle of 9°. Thereafter, an aspect ratio (AR) was calculated according to Eq. (1) using the maximum (F max ) and the minimum (F min ) Feret diameters measured for each particle:
From the series of AR thus obtained, a median AR was determined. Reported data is the mean and the standard deviation of the three median AR derived for each carrier.
Light microscopy.
In order to prepare images of the fine particle agglomerates that were visually observed in some adhesive mixtures, photographs were taken using a Zeiss SteREO Discovery.V8 light microscope (Carl Zeiss, Oberkochen, Germany). Particles were scoop sampled and manually sprinkled on a microscope slide and images were taken at a magnification of 1×.
Atomic force microscopy.
Images of topographical features considered typical for the lactose carriers were prepared using an Icon atomic force microscope (AFM) (Bruker, NanoScope V controller, Santa Barbara, California, USA) in the tapping mode in air. Silicon AFM Probes, tap300DLC (Budget sensors, Bulgaria), with a diamond-like carbon coating were used with a normal spring constant around 40 N/m and a tip radius < 15 nm. Due to the size and morphology of the carriers, the cantilever tip lost contact with the surface when the scan area exceeded 20x20 µm for most carriers. In order to get comparable images, a scan area of 20x20 µm, corresponding to 256 × 256 pixels per scan, and a constant scan rate of 0.5 Hz were used for all carrier samples. Ambient conditions were controlled and kept constant under a certain temperature (25 ± 1°C) and relative humidity (20 ± 2%).
Preparation of adhesive mixtures
For each carrier, a series of adhesive mixtures of different surface coverage ratios (SCR) was prepared using the same approach as described earlier (Rudén et al., 2018) . The weight proportions of fines were calculated from values of the specific surface areas of the fine particles and the carrier. The slip-flow corrected specific surface area of the fines was used in the calculation of SCR.
200-300 g of carrier powder were mixed with a series of weights of fine particles (Table 2) in a 1000 ml glass vessel, giving approximately 50% of the vessel volume filled with powder, for 1 h at 46 rpm using a Turbula T2F mixer (Willy A. Bachofen AG, Switzerland). For all carriers, mixtures were prepared up to an SCR of 2 or, if no self-agglomeration was observed at an SCR of 2, up to the point where self-agglomeration of fines was visually observed.
An indication that the fines was acceptably mixed with the carrier particles was derived by assessing the contents of fine particles in the mixtures, i.e. particles of a diameter < 5 µm, using the Sympatec laser diffraction instrument described above (Section 2.2.1). For each tested mixture, five samples of approximately 500 mg were taken with a spoon from five different locations in the mixture representing different vessel heights. For Inhalac 70, Lactopress SD and Respitose SV 001, blends of SCR of 0.5, 1 and 2 were tested for homogeneity while for Inhalac 230 and Respitose SV 010, only the SCR 0.5 blend was tested due to visible segregation at higher SCRs. The reported values are the relative standard deviation (RSD%) of five samples.
Assessment of powder mechanics
Conditioning of powders
Before any experiments were carried out, all powders were preconditioned by storage in a climate-controlled room for at least one day at a temperature of 21-24°C and a relative humidity of 30-34%. All experiments were performed in the same climate conditions.
Unsettled bulk density and compressibility
The unsettled bulk density was determined using two different techniques as described earlier (Rudén et al., 2018) . The first unsettled bulk density (UBD AZ ) was determined using a device manufactured by AstraZeneca Gothenburg (Mölndal, Sweden) consisting of steel sample cylinder of 20.05 ml. A second steel cylinder open in both ends was placed inside the sample cylinder and manually filled with powder. Following this, the inner cylinder was lifted so that the sample cylinder was filled and any excessive powder was gently scraped off with a spatula. The weight of the sample cylinder was recorded before and after filling and a bulk density was subsequently calculated. The second unsettled bulk density (UBD FT4 ) was measured using the Freeman FT4 powder rheometer (Freeman Technology, Tewkesbury, UK). By this technique, a given weight of powder is subjected to gentle mixing with a steel blade before measurement of powder bed height. Reported bulk density values are the mean of three measurements.
From the first unsettled bulk density (UBD AZ ) an estimate of the unsettled carrier packing density in the adhesive mixtures (UCD) was calculated as described earlier (Rudén et al., 2018) , i.e. using the bulk density of the mixture (UBD) and the fraction of fines ( f ) in the mixture as follows:
The compressed bulk density was determined using the FT4 powder rheometer after compressing the powder at increasing normal stresses from 1 to 30 kPa as described earlier (Rudén et al., 2018) . As an indication of powder compressibility, the Hausner ratio was calculated for all carriers and mixtures as the ratio between compressed bulk density at an applied stress of 30 kPa and UBD FT4 . The reported Hausner ratios are the mean of three measurements.
Permeability
The permeability of powders was determined using the FT4 powder rheometer as described earlier (Rudén et al., 2018) . A 25 mm borosilicate cylinder of a sample volume of 10 ml was manually filled with powder and air was forced through the powder bed from beneath at a constant rate of 2 mm/s. The powder was compressed with a normal stress ranging from 1 to 30 kPa using a ventilated steel piston and a perforated metal base-plate and the air pressure drop (expressed in mBar) was recorded at increasing normal stresses. Reported values are the pressure drop for powder beds of carriers and mixtures compressed at an applied stress of 30 kPa and are the mean of three measurements.
Results
Particle characteristics
The median particle diameter and the specific surface areas obtained from BET and permeametry of all carriers and fines are presented in Table 1 . The lactose fines had a median particle diameter of 2.7 µm with a relatively high diameter span and a large specific surface area. The slip-flow corrected permeametry surface area was the same as the BET surface area. The carriers can be grouped with respect to their median particle diameter in two groups with three materials of about 100 µm in diameter (Lactopress, Respitose SV 010 and Inhalac 230) and two of about 200 µm in diameter (Respitose SV 001 and Inhalac 70). For the permeametry specific surface areas, the median particle diameters correlated inversely with the specific surface areas. For the carriers, the BET surface area was markedly higher than the permeametry surface area for four of the carriers while for one carrier (Inhalac 230), a more modest difference between the two types of surface areas was obtained. The relative width of the diameter distributions, expressed as the span, was generally higher for smaller sized carriers. Among the finer carriers, Inhalac 230 had a narrower size distribution than both Lactopress SD and Respitose SV 010.
The aspect ratio (AR) is reported in Table 1 . All carriers had an AR markedly above unity, i.e. they were irregularly shaped particles. Inhalac 230 and Respitose SV 001 had the highest AR of about 1.5 and was thus the most elongated carriers followed by Respitose SV 010 and Inhalac 70. Lactopress had the lowest AR of about 1.2 and was thus the least elongated. Hence, in addition to the difference in size and surface area between the carriers they also expressed different geometrical shape.
In Fig. 2 , SEM images of all carriers at the same magnification are shown. The size difference between the carriers (Table 1) is obvious and the SEM images support the conclusion that the Lactopress particles were the least elongated compared to the other carriers (Table 1) , i.e. these particles can be described as nearly spherical but with a rough surface texture. The shapes of the other carriers were more similar and they could be described as tomahawk shaped particles, a term often used in the literature to describe the shape of lactose crystals. Inhalac 70, however, is a highly agglomerated carrier and thus had a complex morphology with rougher surface texture. In Fig. 3 , selected AFM images, showing topographical features considered typical for the lactose carriers, are presented. Clear differences in the surface texture, or roughness, of the carrier particles can be seen. It is evident that Lactopress and Inhalac 70 had the most irregular surface texture out of the carriers, which is in agreement with the SEM images. The surface texture of the other carriers was smoother albeit small protuberances can be observed, which may represent surface irregularities or intrinsic fine particles.
Adhesive mixture characteristics
Besides visual inspection of the mixtures, an indication that the fines was acceptably mixed with the carrier particles without considerable segregation was derived by assessing the variation in contents of fines in some selected mixtures. This indication of mixture homogeneity is reported in Table 2 as RSD% of the selected blends. The method of analysis used gave only an approximate measure of the content of fines in the blend samples due to the risk of insufficient dispersion of fines and since the method cannot distinguish between added and intrinsic fines. Nevertheless, the RSD values are considered to represent satisfactorily indications of the homogeneities of the mixtures. As seen in Table 2 , RSD% varied between 1.72 and 9.58. There was no general increase in RSD% with SCR. However, mixtures of Inhalac 70 had higher RSD% indicating lower homogeneity.
The evolution of the blend state with increasing surface coverage ratio of the mixtures was studied by SEM and by light microscopy. In Fig. 4 , selected SEM images of the mixtures are shown, representing different blend states according to Fig. 1 . It is evident that adhesive mixtures were obtained for all carrier systems. At low SCR, the fines were primarily located in surface irregularities of the carriers, i.e. indentations and surface pores as single or multi-layers of particles, not adding significantly to the enveloped volume of the adhesive unit. This was especially pronounced for the larger and rougher carriers Inhalac J. Rudén, et al. International Journal of Pharmaceutics 561 (2019) 148-160 70, Lactopress and Respitose SV 001. With increasing SCR, the fines covered also the outer surfaces of the carriers and eventually small aggregates of fines loosely attached to a carrier were formed. For Respitose SV 010 and Inhalac 230, the irregularities were not large or deep enough to host larger amounts of fines and already at a SCR of 0.25 small aggregates of fines were visible on enveloped surfaces. For the other carriers, such aggregates were formed at higher SCRs and for Inhalac 70, such aggregates were not visible until SCRs above 3 were reached. At a certain SCR, aggregates began to detach from the carriers appeared as well as the evolution in number and size of self-agglomerates with SCR were dependent on the carrier. Based on visual examination of all mixtures, an attempt was made to determine at which SCR such self-agglomerates started to appear and the out-come of this examination is summarized in Table 3 . It can be noted that the carrier (Table 3) . Photographs were taken at a magnification of 1×.
had a marked effect on the critical SCR at which self-agglomerates were formed, ranging from SCR 0.75 for Respitose SV 010 and Inhalac 230 to SCR 6 for Inhalac 70.
Powder mechanics
Unsettled bulk and carrier density
The unsettled bulk densities (UBD) of the carrier materials, the lactose fines and the formed mixtures are presented in Fig. 6 . The two techniques used for measuring UBD, the FT4 method (UBD FT4 ) and the AZ method (UBD AZ ), operated with different processes to repack the powder in the container before measurement. Among the carriers, Lactopress had the lowest UBD independent of the method used. For Lactopress and Inhalac 230, the techniques gave similar UBDs while for Respitose SV 001, Respitose SV 010 and Inhalac 70, the FT4 method tended to give higher UBDs. Thus, there was a larger spread in UBD using the FT4 method compared to the AZ method but the rank-order of the carriers was nearly the same.
The relationship between UBD and SCR has earlier been reported for mixtures of Lactopress and lactose fines (Rudén et al., 2018) and the data reported in Fig. 6 for Lactopress up to a SCR of 2 are taken from this paper. In this paper, the SCR was extended to 3 and the UBD was determined for this mixture. As reported earlier, the addition of fine particles increased initially the UBD but after a transition point close to a SCR of 0.25 the UBD decreased with an increased SCR. However, the relationship levelled-off at a SCR of 2 (∼15% fines content) and a second transition was thus obtained in the relationship. This second transition coincided with the appearance of visible self-agglomerates of fines (Table 3) .
For Inhalac 70, the addition of fines gave an initial increase in UBD followed by a reduction at higher fines content, i.e. a similar type of relationship as obtained for Lactopress. However, for Inhalac 70 no sharp peak in the UBD was obtained initially but rather a plateau spanning over a wide range of SCRs. Both techniques for measuring UBD gave the same principal relationship but the FT4 method (UBD FT4 ) gave a flatter relationship than the AZ method (UBD AZ ) with a maximum UBD at an SCR of 1 (∼4% fines content) compared to 3 (∼9% fines content). No transition point was observed for Inhalac 70 when agglomerates started to appear in the mixture (Table 3) .
Using the AZ method (UBD AZ ), Respitose SV 001 gave a similar pattern as Lactopress. However, the peak at a SCR of 0.25 was low and a peak was not obtained using the FT4 method (UBD FT4 ), for which a nearly constant reduction in UBD with SCR was obtained. There was no tendency of a reduction in rate of change in UBD with SCR when selfagglomerates were observed in the mixture (Table 3) .
For Inhalac 230 and Respitose SV 010, the UBD continuously decreased with increasing content of fines without any initial increase and peak in the relationship. However, for both carriers a change towards a lower reduction rate in UBD occurred at a SCR of 0.75, i.e. when selfagglomerates were observed in the mixture (Table 3) .
The unsettled carrier packing densities (UCD), as calculated by Eq. (2), are presented in Fig. 7 . For Lactopress, as reported earlier, the UCD increased initially due to an increased effective enveloped carrier density which was followed by a gradual reduction in UCD with increased SCR, i.e. there was no change in the reduction rate of UCD when self-agglomerates of fines started to appear. For Inhalac 70, an Table 3 The effect of surface coverage ratio on the presence of visible self-agglomerates of all adhesive mixtures. Green = no observed self-agglomerates. Red = self-agglomerates present. No fill = not investigated. Fig. 6 . The effect of surface coverage ratio (SCR) on the unsettled bulk density denoted UBD AZ and on the unsettled bulk density denoted UBD FT4 of all adhesive mixtures studied. Mean values (n = 3) with standard deviations (some are hidden behind the symbols). Symbols are explained in the graph.
unchanged UCD was observed up to a SCR of 1 followed by a steady decline in UCD until the point of self-agglomeration. Similar to Inhalac 70, Respitose SV 001 expressed an initial short phase of unchanged UCD, which occurred up to a SCR of 0.25. Thereafter, a continuous decline in UCD with SCR was obtained. For the rest of the carriers, the UCD decreased continuously over the whole range of SCR. None of the carriers displayed a clear change in the reduction rate when self-agglomeration of fines occurred in the mixtures. Fig. 8 . Among the carriers (i.e. at an SCR of zero), the two larger carriers, i.e. Inhalac 70 and Respitose SV 001, had the lowest and the same HRs while the highest HRs were obtained for Inhalac 230 and Lactopress, i.e. two of the smaller carriers. The third carrier, Respitose SV 010 had an intermediate HR.
Compressibility and permeability. The Hausner ratios (HR) of all carriers and mixtures are presented in
The character of the HR-SCR relationship was dependent on the carrier. For Inhalac 70 and Respitose SV 001, the HR did not change up to an SCR of 0.25-0.5 but thereafter the HR increased gradually and slowly with SCR. For Inhalac 70, the HR-SCR relationship tended to level-off at the two highest SCRs.
For Lactopress, the addition of a low proportion of fines (i.e. a SCR of 0.25) resulted in a decrease in the HR but thereafter a marked increase in HR was obtained up to an SCR of 2. Beyond this SCR, the HR was reduced markedly which coincided with the appearance of visible self-agglomerates in the mixture (Table 3) . For Respitose SV 010 and Inhalac 230, the HR increased markedly with SCR at the lower SCRs with a slope similar to Lactopress but without the initial reduction in HR. At a SCR of 0.5 for Inhalac 230 and 1 for Respitose SV 010, transition points in the respective HR-SCR relationship were obtained where the relationship either reached a plateau (Inhalac 230) or reduced in slope (Respitose SV 010). These transitions occurred at SCRs close to the appearance of self-agglomerates of fines in the mixtures.
As an indication of the permeability of the powder beds, the pressure drop during airflow through the powder bed was assessed and reported as a function of SCR in Fig. 8 . The two larger carriers, i.e. Inhalac 70 and Respitose SV 001, had a similar and considerably lower pressure drop than the smaller carriers and the slopes of the pressure drop-SCR relationships were low. Thus, although fines were added to the carriers, the permeability was affected only to a limited degree. The addition of fines to the smaller carriers initially increased the pressure drop markedly. However, with increasing SCR, transitions in the pressure drop-SCR relationships were obtained similar to the HR-SCR relationships. Consequently, the pressure drop-SCR relationships were qualitatively similar to the HR-SCR relationships for all adhesive mixtures studied.
Discussion
Carrier particle properties
In our previous paper (Rudén et al., 2018) , adhesive mixtures prepared using Lactopress (carrier) and lactose fines were studied. The current paper is a continuation of the former study focusing on how the particle properties of the carrier, i.e. size, shape and texture, affect the properties of adhesive mixtures. To that end, four additional commonly used carriers of varying size and morphological characteristics were studied. Measurements of the size, shape and surface area of the carriers were performed and textural characteristics were assessed by SEM imaging. In addition, some images were prepared by AFM to illustrate typical surface textural features of the respective carrier.
Lactopress had a relatively rounded shape with a highly corrugated surface, which may explain the low UBD (Fig. 6) . The surface thus contained indentations or surface pores that were large enough to enclose a significant amount of fines without any increase in carrier enveloped volume. An example of the character of such an indentation is given in the AFM image (Fig. 3) .
Respitose SV 010, Respitose SV 001 and Inhalac 230 all had a crystalline appearance with tomahawk shaped particles. Inhalac 70 on the other hand, with an agglomerated structure, displayed a more complex texture with asperities, open pores and sharp corners. Of the smaller carriers in this group, Respitose SV 010 and Inhalac 230, the latter was slightly smoother with fewer asperities, which was supported by the lower BET surface area. The surface texture of these carriers was also studied by AFM but no distinctive differences between Respitose SV 010 and Inhalac 230 could be observed.
Inhalac 70 and Respitose SV 001 had the lowest compressibility, as indicated by the Hausner ratio (HR), and expressed the lowest pressure drop of all carriers by the permeametry method (Fig. 8) . The size of the carrier particles was thus the most important factor controlling the packing structure and the compressibility of the pure carriers. Among the other carriers, Inhalac 230 had a higher pressure drop than Respitose SV 010 and Lactopress and a higher HR than Respitose SV 010. A powder of Inhalac 230 was thus characterized by a more closed void structure than the other carriers of similar size which may be explained by a more elongated shape, as indicated by the aspect ratio (Table 1) .
In summary, the carriers used in this study represent different properties regarding size, shape and texture. In Table 4 , a qualitative summary of the particle properties of the carriers in relative terms is presented.
Blend state maps
In our former paper (Rudén et al., 2018) , the properties of adhesive mixtures were studied and it was proposed that the findings could be summarized in a blend state model consisting of three states. In this paper, the S2 state is subdivided into two states (a and b) to distinguish between two structural features of the adhesion layer, i.e. a relatively uniform and strongly adhered layer (2a) and a less dense, uneven layer with small adhered aggregates (2b). Thus, four different states are discussed, i.e. S1, S2a, S2b and S3, as schematically illustrated in Fig. 1 . The evolution of the blend states as a function of SCR, i.e. the approximate levels of SCR at which transitions between states occur, is here referred to as a blend state map. A blend state map thus provides a characteristic description of an adhesive mixture, which is dependent on the mixture composition and the mixing conditions used.
In Fig. 9 , blend state maps for the different carriers studied in this paper are presented. The horizontal lines describe the range of SCRs inbetween which a certain blend state was observed. A transition interval between two observed states is described by a dotted line with a slope and within this interval, the transition to the next state occurs. The exact point (SCR) of transition is unknown since a limited number of blends were studied and the SCR range of the transition interval thus depends on the frequency of the data points and will vary dependent on the experimental design.
The corrugated structure of the spray-dried carrier Lactopress enabled the adhesion of fines into surface pores (Fig. 4) , which were able to host fines up to a SCR of 0.25, as indicated by the initial increase in unsettled bulk density (UBD) (Fig. 6 ) and the decrease in Hausner ratio (HR) (Fig. 8) . Thus, for Lactopress, the S1 state was expressed up to a SCR of 0.25. Above this point, the UBD started to decrease and the Hausner ratio increased, indicating a less dense packing of the adhesive units making them more prone to rearrange while subjected to compression force. The unsettled carrier density (UCD) (Fig. 7 ) also decreased at a SCR of 0.5 indicating an increased separation distance between carrier particles due to the adhesion of fines at the enveloped surfaces. Thus, a transition from S1 to S2a occurred at an SCR beyond 0.25. At an SCR of about 1, fines started to adhere in multilayers and small agglomerates eventually appeared in the adhesion layer (Fig. 4) , which is a characteristic for the formation of an unstable adhesion layer (Rudén et al., 2018) . It is thus proposed that a transition from S2a to S2b occurred at a SCR of about 1. Beyond a SCR of 2, a peak in the pressure drop, a levelling-off in the UBD and a reduction in HR were obtained (Figs. 6 and 8) . These changes coincided with the formation of large self-agglomerates of fines (Fig. 5) . Thus, at a SCR of about 3, the third blend state S3 was reached, and the system started to segregate. It is concluded that for adhesive mixtures of Lactopress, all four blend states were expressed and approximate transition points between the states could be identified and described in the blend state map (Fig. 9) .
The carriers Inhalac 230 and Respitose SV 010 had similar particle properties (Table 4) Fig. 9 . Blend state maps for all carriers, i.e. the expressed blend state as a function of the surface coverage ratio (SCR). Transitions between states are marked with a dotted line (transition interval). Solid lines represents the SCR interval at which a blend state was observed. Symbols are explained in the graph. adhesion layer. Furthermore, for both carriers, UBD decreased and HR increased immediately as fines were added. It is thus concluded that based on the SCR values used in this study, a S1 state could not be observed. For a carrier particle with a regular shape and a flat carrier surface, admixed fine particles will adsorb to the enveloped surface, i.e. a S2 state, and by definition no S1 state can exist for such a carrier. Inhalac 230 and Respitose SV 010 are carriers showing comparatively smooth surfaces indicating that the S1 state will not be expressed. However, the carriers Inhalac 230 and Respitose SV 010 are not perfectly smooth and some adsorption of fines to indents and sharp corners of the carriers cannot be excluded, i.e. a S1 state may be expressed for very low proportions of fines and hence difficult to identify. Thus, the carriers Inhalac 230 and Respitose SV 010 are here categorized as not expressing a S1 state. It seems further that the deagglomeration process of fines was not effective for these carriers using low shear mixing conditions as the S2b state was observed already at a SCR 0.25. Inhalac 230 and Respitose SV 010 are carriers of intermediate size (Table 4) and carriers of such low diameter may not produce a collision energy, or alternatively grinding force, during mixing which is high enough to disperse the fines agglomerates (Hersey, 1975; Venables and Wells, 2001 ). On the other hand, Lactopress, which had a similar size, expressed the ability to effectively deagglomerate clusters of fines, indicating that the particle shape and surface texture can strongly affect the formation an adhesion layer. Carriers of Lactopress have a rounded shape and a rough surface texture (Table 4 ) which may set conditions for an effective grinding and deagglomeration of the agglomerates (De Villiers, 1997). For both Inhalac 230 and Respitose SV 010, the transition from S2b to S3 occurred at a SCR in the range 0.75-1 as supported by the reduced rate of change in UBD, HR and pressure drop as well as by the microscope images. For these two carriers, only two blend states thus seem to be expressed, i.e. S2 and S3, with transitions from S2a to S2b and from S2b occurring already at a SCR of about 0.25 and 0.75 (Fig. 9) . It is here proposed that the differences in blend state maps is to a large extent controlled by the ability of the carrier to deagglomerate the fines, i.e. break agglomerates that are present already at the start of the mixing process. The fines used in this study were sieved through an 800 um sieve before mixing but some agglomerates observed in the S3 state were larger than this, indicating that agglomerates may also grow during mixing. It is discussed in the literature (Clarke et al., 2001; Nguyen et al., 2015) that the mixing of carrier-fines is a dynamic process were agglomerates is broken but during which agglomerates are also formed and grow in size. It is possible that the size and morphology of the carrier may affect also the probability for agglomerate formation and growth and the conclusion proposed here is applicable to both these aspects. The blend state map was similar for Respitose SV 001 to that for Lactopress. At and SCR of 0.25, the fines were localised in open pores (Fig. 4) which was associated with a virtually unchanged UBD, HR and UCD (see Figs. 6-8, a small increase is seen for UBD AZ ). Above this point, UBD and UCD started to decrease while the Hausner ratio increased. This indicates that a transition to state S2a occurred, which was further supported by the SEM images expressing the formation of a mono-particulate adhesion layer at the enveloped surfaces of the carriers. At a SCR of 1.5, small agglomerates started to appear in the adhesion layer (Fig. 2) and hence, a transition to state S2b occurred at an SCR of approximately 1.5. Finally, at an SCR of about 3, self-agglomerates of fines appeared in the mixture indicating a transition to state S3. Thus, for Respitose SV 001 all four blend states were expressed with increasing proportion of fines in the mixtures. However, above a SCR of 0.25, the UBD, HR and pressure drop changed monotonously and without any distinct rate changes. Thus, the transition points between S2a-b and S2b and S3 could not be clearly identified by the powder mechanics and the proposed blend state map is hence based primarily on the observations from the SEM images. An explanation for the lack of identifiable transitions may be that the Respitose SV 001 mixtures are dominated by the properties of this large carrier, which thus masks the transitions between blend states. This is valid also for the transition into state S3, where the appearance of self-agglomerates clearly affected the powder properties for the intermediately sized carriers but not for the large carriers. It is thus concluded that for a large carrier, the self-agglomerates have a limited effect on packing structure and flow of an adhesive mixture. Inhalac 70 represents a large carrier of high morphological complexity. The fines gathered into open pores up to a SCR of 1 (Fig. 4) and not until a SCR of 3 the outer surfaces of the carrier seemed to be covered with adhered fines. The UBD increased initially and is thereafter more or less unchanged up to a SCR of 3, after which a reduction was obtained. Inhalac 70 is thus characterised by the ability to adsorb large quantities of fines without a significant change in the enveloped volume of the adhesive unit. Visible self-agglomerates of fines did not appear until a SCR of 6 was reached. It is concluded that Inhalac 70 expresses all blend states of adhesive mixtures with increased SCR. The final state S3 was reached at an SCR of 6 and the transitions between the different states occurred at a considerably higher SCR than for the other carriers. The large size of this carrier, in combination with the morphological complexity and surface roughness may thus extend the range in SCR over which blend states 1 and 2 occur.
Carrier specific pore volume
For adhesive mixtures for inhalation, it has been reported that the fraction of fines located in carrier pores is of importance for the performance of the formulation during manufacturing and aerosolization Du et al., 2014; Shalash et al., 2015) and that the filling of irregularities and pores with inert fine particles before adding the active pharmaceutical ingredient may increase the fine particle fraction (Yeung et al., 2018 ). An estimate of the accessible pore volume of the carriers would thus be of interest, as is also reported in the literature. De Boer et al (2005) calculated the pore volume of the carriers from estimates of surface discontinuities observed from SEM images and assumed that the discontinuities scaled with the particle diameter for carriers of the same type. Another approach by the same authors was to use the difference between a calculated surface area and a BET surface area (De Boer et al., 2003) .
In this paper, a different approach is used to estimate the pore volume, utilising the blend state maps. The calculation is based on the assumptions that i), the fines are deposited into the pores before any significant adhesion occurs to the enveloped surfaces, ii), the maximum bulk density represents the point at which the pores are completely filled with fines, and iii), the unsettled bulk density of the fines represents the packing density of the fines in the pores. The specific (carrier) pore volume (SPV) of the carrier particle volume is then given by the following expression,
where m f and m c are the amounts of fines and carrier material at complete pore filling, D c is the material density of the carrier and BD f is the unsettled bulk density of the fines. The SPV thus calculated are reported in Table 5 for all carriers. The SPV was highest for Inhalac 70 (0.19), followed by Lactopress (0.12) and Respitose SV 001 (0.05). For the carriers Inhalac 230 and Respitose SV 010 no detectable pore volume was obtained, i.e. the blend state S1 was not expressed, and SPV values of zero were obtained. This may to some extent be due to the experimental design, i.e. the number of formulations produced and the selected SCR numbers. As an example, no formulation with an SCR value below 0.25 was produced in this work, which means that a very short S1 phase for the carriers Respitose SV 010 and Inhalac 230 may have been missed out. The approach used to calculate a specific pore volume is based on assumptions that are simplifications, for example the unsettled bulk density may not represent the packing of fines in pores. Regardless of the way to assess the pores, their relative presence in different lactose qualities is of key importance to the blend states formed at different drug load, i.e. SCR. Thus, refined validated approaches to assess effective pore volumes may be needed.
Impact of carrier properties on blend state map
The focus of this study is the effect of carrier size and morphology on the expression of blend states in adhesive mixtures. The state denoted S1, characterized by the adsorption of fines in open pores, is only expressed by a carrier showing a rough or corrugated surface texture. The diameter, the depth and the total volume of such open pores will control the amount of fines located in the pores and thus the range of S1, i.e. at which level of SCR the pores are saturated with fines and a transition to the next state occurs. A simple measure of the ability of the carrier to host fines in S1 (in open pores) is the specific pore volume described above. For carriers with a relatively smooth surface texture or with open pores of a diameter below the diameter of the fines, S1 will not be expressed and S2, characterized by the adsorption of fines to the enveloped carrier surface, is reached immediately when fines are admixed to the carrier. The range of S2 seems to depend both on the size and the morphology of the carrier. It is proposed that a critical aspect for the expression and duration of S2 is the ability of the carrier to deagglomerate the fines during mixing and subsequently adsorb the dispersed fine particles. This deagglomeration or dispersing efficiency of the carrier seems to decrease with a decreased carrier size and to increase with an increased morphological complexity of the carrier. It is earlier proposed (De Villiers, 1997; Hersey, 1975) that the grinding forces provided by the carrier during mixing depends on the size (or mass) of the carrier.
The larger carriers used in this study, i.e. Respitose SV 001 and Inhalac 70, seemed to have better deagglomeration efficiency compared to the smaller carriers Inhalac 230 and Respitose SV 010. Lactopress however, was in spite of its low particle diameter, able to effectively disperse the fines, which is proposed to depend on the more rough surface texture of Lactopress carriers compared to the other intermediately sized carriers. Furthermore, among the larger carriers Respitose SV 001 and Inhalac 70 the former expressed a less complex morphology, resulting in a lower ability to deagglomerate fines compared to Inhalac 70 with a more complex morphology. It is concluded that for a given combination of carrier and fines, the size and the morphology of the carrier dictate the expression of blend states for adhesive mixtures and at which SCR a transition from one blend state to another occurs. It is proposed that a small and smooth carrier will typically express only states 2 and 3 and the third state (S3) will be reached already at a relatively low SCR. A large carrier with a complex morphology, i.e. an irregular shape with sharp corners and a surface texture characterized by large indentations and surface pores, will typically express all states S1 to S3 and the durations of S1 and S2 are significant, i.e. the transitions occur at high SCR:s.
In this study, all combinations of fines and carriers used had the same chemical composition and crystal structure and although the size and shape of the carries varied it can be assumed that the fines and all the carriers showed equal or similar surface energy. Thus, the interparticulate bond strength between the different particle-particle combinations in the blends, i.e. fines-to-fines cohesion strength and carrier-to-fines adhesion strength (in this specific case auto-adhesion strength) can be considered as the same and independent of carrier size and morphology. However, the differences in carrier properties may affect how the fine particles are positioned on the surface of the carrier and thus also the area of inter-particulate contact and the bonding force. It is earlier proposed (Grasmeijer et al., 2014; Hertel et al., 2017) that 'press-on forces' during mixing are important for the adsorption of fines on carrier surfaces and that such forces are affected by the particle size, morphology and mixing intensity. Thus, the bonding force of fines to the carrier surface may vary between the carriers used. In adhesive mixtures for inhalation powders containing an API, the cohesion and adhesion strengths will depend on the specific combination of carrier and API fines and each combination of carrier and fines may give rise to modifications of the blend state maps reported in this paper. It is proposed that the presentation of the evolution of the blend state with increasing proportions of fines in the form of a blend state map captures important characteristics of an adhesive mixture and represents a unique description of the blend that affects mixture performance during processing and handling.
As discussed in the introduction, the blend state can have a direct impact on the formulation performance during manufacturing and use of inhalation powders and a blend state map may hence be a useful tool in the formulation of inhalation powders. The map provides information about critical transition points and fines concentration ranges that affect the formulation performance. Firstly, the point at which a segregated and unacceptable blend state is reached, i.e. the S3 state, which represents and upper limit of drug load, is indicated. Secondly, the range of proportions of fines located in pores, that may subsequently be difficult to disperse, is indicated by the S1. Thirdly, the concentration range of fines within which the powder flowability can be expected to change is given by the duration of S2. Finally, the probability that adhered fines may migrate during powder densification in e.g., a filling process will increase significantly when a state transition occurs from S2a to S2b.
Conclusions
In this paper, the evolution of the blend state with increasing proportions of fines has been studied for adhesive mixtures of five carriers. Consistent preparation of the adhesive mixtures using tumbling mixing enabled the effect of carrier size and morphology on the evolution of the blend state to be investigated. It was found that the number of expressed states and the surface coverage ratio at which the transitions between different states occurred varied significantly between the carriers. The findings were summarized in blend state maps expressing the evolution of the blend state as a function of surface coverage ratio (SCR), which is proposed to represent a characteristic description of each carrier-fines system. Three of the carriers expressed blend state S1, defined by the incorporation of fines into open clefts, indentations etc., of the carrier surface and here denoted as pores. It is concluded that the diameter and volume of such pores dictated the existence and duration of the S1 state. A procedure to estimate the specific pore volume of a carrier was proposed and is believed to be a useful means to characterize a carrier to be used in adhesive mixtures. The expression of S2 and S3 states and the range of S2 varied between the carriers depending on their size and morphology and is explained by the deagglomeration efficiency of the carrier with regard to the initial fine particle agglomerates. The blend state map provides information about critical factors of adhesive mixtures to be used as inhalation powders. Examples of such factors are the amount of fines that can be located in carrier pores, the concentration range of fines within which the powder flowability can be expected to change, the maximum fines load before segregation occurs and the probability of fines migration during powder densification in e.g., a filling process. The blend state map is thus a potentially important tool for the characterisation of adhesive mixtures and the prediction of formulation performance, e.g. the filling of inhaler devices and the inhalation performance regarding dosing, dose detachment and deagglomeration of fines. We intend to investigate such blend state-formulation performance relationships in subsequent work.
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